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Abstract 
Based on our reported technique for evaluation of the transit time by the phase response in impedance spectroscopy (IS), in this 
report, we further apply this technique to show the dependence of carrier propagation on the applied potentials, including gate-
source potential (Vgs) and drain-source potential (Vds), and also the charging effect of the device. 
The IS phase response shows that the critical frequency, which represents the reciprocal transit time, moves to a higher frequency 
systematically with increasing applied gate bias. This experimental result suggests that the transit time becomes shorter for higher 
applied gate bias. Interestingly, given a fixed gate bias, the dependence on the source-drain bias shows the opposite trend. With 
increasing Vds, the critical frequency becomes lower. This indicates slower propagation across the channel despite higher 
potential difference between source and drain electrodes, which contradicts with the commonly used assumption based on the 
two-electrode system (metal-insulator-metal) that the transit time is inversely proportional to the potential difference. We further 
propose a new model based on the Maxwell-Wagner Model for carrier propagation on the pentacene-insulator interface, and 
evaluate the transient mobility. We argue that the contradictory behavior of the OFET originates from the carrier propagation on 
the organic-insulator interface, as opposed to bulk transport in an MIM structure. 
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1. Introduction 
Organic semiconductors have shown great potential in various applications, such as organic photovoltaic cells 
(OPVC) [1], organic field effect transistors (OFET) [2] and organic light emitting diodes (OLED) [3]. Among these 
potential applications, OFET can be used to make flexible circuitry. In conjunction with other applications of 
organic semiconductors, flexible displays or solar cells have already been proven possible. Additionally, organic 
radio frequency identification (RFID) also sees a large market that has been forecasted to overtake the display 
market in the near future.  
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Previously, we have reported about the technique that we developed for evaluation of transit time by the phase 
response in impedance spectroscopy (IS). In IS, the device is subjected to a small-signal alternating current (AC) 
perturbation across a wide range of frequencies. The transit time evaluation method is based on the carrier 
propagation across the channel region in an OFET and observing the critical frequency, where the phase begins to 
drop, signifying the successful transit of carriers across the channel. 
In this report, we further apply these techniques to show the dependence of carrier propagation on the applied 
potentials, including gate-source potential (Vgs) and drain-source potential (Vds). 
 
2. Experimental 
Top-contact pentacene OFETs were prepared for the experiments (the sample structure is shown in Figure 1). 
Heavily-doped Si wafers with a 100 nm thick thermally prepared silicon dioxide (SiO2) insulating layer were used 
as the base substrates. The substrates were ultrasonically cleaned by acetone, ethanol, and water, and then UV/ozone 
cleaned for 30 minutes before deposition of the organic layer. The pentacene deposition was carried out at a pressure 
below 2×10-6 Torr and the deposition rate was kept at 0.5 Å/s, monitored by a quartz crystal microbalance. The 
pentacene was purchased from Tokyo Chemical Industry Co., Ltd., and was used without further purification. Au-
electrodes of 100 nm in thickness were deposited on the pentacene surface below 4×10-6 Torr. The channel width 
and length (W and L) were 3 mm and 30 to 100 μm, respectively. The OFETs were investigated by standard I-V 
analysis using Keithley 2400 SourceMeter, as well as impedance spectroscopy using Solartron 1260 
impedance/gain-phase analyzer. In this IS measurement, the amplitude of the AC signal was 0.5 V superposed on 
various DC biases up to 40 V. 
 
 
 
 
 
 
 
 
 
 
 
3. The Maxwell-Wagner Model 
The charge transport in an OFET can be modeled by the Maxwell-Wagner model [4,5], where the ratio of 
dielectric constant to conductivity (HV) expresses the relaxation time, which in turn gives the spreading time of 
charge carriers in the materials. This relationship can be represented more comprehensively by an equivalent circuit 
composed of resistors and capacitors as RC = C/G = HV WIn an OFET, the charge Qs accumulated on the 
interface is regulated by the difference of the relaxation time in different layers, Qs = CV(1-Wpentacene/WSiO2), where C 
is the gate capacitance and V is the voltage applied on the gate insulator. As the pentacene conductivity is much 
greater than that of the SiO2, the amount of charge is only regulated by the applied voltage, namely 
 1
2s g gs th ds
Q C V V V§ ·  ¨ ¸© ¹ , (1) 
where Cg is gate capacitance per unit area, Vgs is the gate-source voltage, and Vth is the threshold voltage. The 
average carrier density is represented by  / 2 /g gs th dsen C V V V h    where h is the channel thickness. The 
channel conductance can be expressed as en WhG
L
P , where P is the mobility, and the channel capacitance as 
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Figure 1 Schematic of sample structure 
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gC C LW . The relaxation time of the interface charging process can be obtained by /C G . This also corresponds 
to the carrier transit time [6] 
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, (2) 
because the transit time stands for organic semiconductor-gate insulator interface charging in the whole channel 
region. Note that an assumption that |Vgs-Vth| >>|Vds|/2 was made, and that in the case of Vds = 0, this expression 
represents the charge accumulation at the interface only. In contrast to the bulk relaxation processes, the interface 
relaxation is a function of the electric fields and thus the transit time also depends on the carrier distribution and 
propagation. In the channel region, the only source of the internal fields is charge carriers, thus the local carrier 
density is a crucial parameter for the transit time. Further, we should note the transit time ttr can also be derived 
using a ladder model based on the transmission line approximation with R and C, as demonstrated in [6]. 
4. Experimental Results and discussion 
Our previous report [7] has shown that the two relaxation processes observed in this experimental setup attribute 
to the injection and transport properties of OFET. The impedance phase response provides information about the 
mobility of the device [8]. For ideal insulators, the phase angle is -90 degrees, while for conductors, it is 0 degree. 
Therefore, the decrease in magnitude of the phase angle in an OFET output can be interpreted as the opening of the 
conduction channel. In other words, it is possible to pinpoint the critical frequency from the phase plot when the 
carrier accumulation and transport processes have completed. 
Our experimental results show that the critical frequency where the phase begins to drop moves to a higher 
frequency systematically with increasing applied gate bias (indicated by arrows in Figure 2). Note that as the peaks 
are sometimes very broad and smeared out, the critical frequencies are chosen at positions where the phase response 
starts to drop significantly. In this paper, the authors have chosen the point where the phase response deviates from 
the linearity going from low to high frequency, i.e. the frequency where the phase response change becomes less 
sharp. The increasing critical frequency as the gate bias increases suggests that the transit time becomes shorter (or 
mobility is higher) for higher applied gate bias. From these results, the critical frequency can be used to calculate the 
transit time trt  by 1/ 2trt f . The 1/2 comes from the fact that charge transit takes half a period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Interestingly, given a fixed gate bias, the dependence on the source-drain bias shows the opposite trend. With 
increasing Vds, the critical frequency becomes lower. This indicates slower propagation across the channel despite 
higher potential difference between source and drain electrodes (solid dots in Figure 3). This result contradicts with 
the commonly used assumption based on the two-electrode system (metal-insulator-metal) that the transit time is 
inversely proportional to the potential difference [9], in other words, 1/ ( )tr dst V Pv  . To further support the 
experimental result, the model developed by considering the difference in relaxation processes in the different layers 
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Figure 2 Phase response with increasing gate bias (red arrows indicate the critical frequency) 
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was fitted to the experimental data and presented as solid lines in Figure 3, with the correlation coefficient of about 
0.9.  
 
Figure 3  Transit time as a function of Vds obtained from the IS experiment. The solid lines are the fitted lines based on our developed model 
(Equation 2).  
5. Conclusions 
Impedance spectroscopy was applied on the OFET structure to characterize the carrier’s dependence on applied 
voltages. This method is based on carrier propagation, thus filters out possible contributions from changes in charge 
density. From the impedance spectroscopy results, we found that as the gate bias increases, transit time is reduced. 
However, the dependence on source-drain bias shows the contrary. Higher source-drain biases result in an increase 
of the transit time, which contradicts to the common assumption based on the MIM concept. Our proposed model 
which originates from the Maxwell-Wagner effect shows similar behavior and explains these experimental results. 
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